There have been numerous spectrophotometric methods for the determination of manganese. The oxidation of manganese to permanganate and a measurement of the absorption of the charge-transfer band of permanganate at 528 nm has long been used as a standard method for manganese determination; 1, 2 however, this method suffers from low sensitivity. Spectrophotometric methods based on complex formation with chromogenic reagents provide good sensitivity, but have showed serious interferences from many cations and anions despite the high detection limit of 0.05 μg ml -1 . 2,3 Numerous kinetic methods have been reported based on the catalytic effect of Mn 2+ on the oxidation of organic compounds with suitable oxidants. Although these methods have shown good sensitivity, they are time-consuming and irreproducible, since it is difficult to control the timing of the reaction, which is variable from one experiment to another. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Some recent enhancements of the method using a flow injection technique have been reported.
Introduction
There have been numerous spectrophotometric methods for the determination of manganese. The oxidation of manganese to permanganate and a measurement of the absorption of the charge-transfer band of permanganate at 528 nm has long been used as a standard method for manganese determination; 1, 2 however, this method suffers from low sensitivity. Spectrophotometric methods based on complex formation with chromogenic reagents provide good sensitivity, but have showed serious interferences from many cations and anions despite the high detection limit of 0.05 μg ml -1 . 2,3 Numerous kinetic methods have been reported based on the catalytic effect of Mn 2+ on the oxidation of organic compounds with suitable oxidants. Although these methods have shown good sensitivity, they are time-consuming and irreproducible, since it is difficult to control the timing of the reaction, which is variable from one experiment to another. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Some recent enhancements of the method using a flow injection technique have been reported. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, if the reaction time is longer than the flow rate, the method will not be efficient and still irreproducible. Several efforts to increase the reaction rate by temperature have been reported; however, either the sample degrades or airbubbles will develop that hinder the flow rate. [17] [18] [19] [20] [21] [22] A variety of ion-pairing reagents have been used for the extraction of manganese into an organic phase after its oxidation to Mn 7+ using periodate. This method is not dissimilar to those previously mentioned above in terms of its time consumption, tediousness, potential interferences from many cations, in addition to the low stability of the formed complexes. [25] [26] [27] [28] [29] Polypyridyl complexes of dπ 6 transition metals of Os(II) have low-lying metal-to-ligand charge-transfer (MLCT) excited states and redox potentials, which have properties that make them attractive candidates for intra and intermolecular electrontransfer studies. 30, 31 A literature survey showed that the analytical implication of ground-state studies on such electrontransfer phenomena has not been given. In this paper, the use of osmium(II) trisbipyridyl complex ion, [Os(bpy) 3] 2+ , for the determination of manganese at sub ng ml -1 levels, based on an electron transfer from this compound to Mn 7+ , is presented for the first time. Factors affecting the electron-transfer process as well as a detailed description of the methodology are discussed. This method is highly sensitive, selective, and simple for assessing trace manganese without the difficulties arised for previously reported spectrophotometric methods.
Experimental

Apparatus
A Unicam Helios α UV-Visible spectrophotometer was used throughout. An EDT pH meter (DR 359 TX) was used for pH measurements. Atomic-absorption spectrometric measurements were made with a Perkin-Elmer spectrometer (Model 3100).
Reagents
[Os(bpy)3] 2+ was synthesized as described in the literature. 32 All chemicals were of analytical reagent grade, and the solutions were prepared with doubly distilled water. A stock Mn 7+ solution was prepared by dissolving 0.12 g of potassium permanganate (AnalaR, BDH) in 50 ml of water. The solution was boiled for about 1 h before being filtered using a sintered glass filter so as to avoid contamination with manganese(IV) oxide. The filtered solution was then diluted to 100 ml with water and standardized using oxalic acid and stored in a darkbrown bottle. Working Mn 7+ solutions were freshly prepared from a daily standardized stock solution. Phosphate buffer of pH 3.0 was prepared by dissolving 34 g of potassium dihydrogen phosphate in 250 ml of bidistilled water, and Beer's law was obeyed up to a concentration of 330 ng ml -1 of Mn 7+ at different wavelengths with regression equations 0.001 -0.0042CMn, 0.001 + 0.0021CMn, and 0.001 -9.34 × 10 -4 CMn at 290, 315 and 480 nm, respectively. Under the optimum conditions, the achieved detection limits were 0.72, 1.37 and 3.32 ng ml -1 at 290, 315, and 480 nm, respectively. In addition to the high sensitivity of the method (0.24 ng cm -2 at 290 nm, 0.45 ng cm -2 at 315 nm and 1.0 ng cm -2 at 480 nm), it can be used for the determination of manganese in the presence of a large number of anions and cations, since it tolerates most of the potential interferents. The relative standard deviation was 0.5% (n = 11) for 90 ng ml -1 manganese. The method was successfully applied to the determination of manganese in water from different resources.
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E-mail: aaashafi@yahoo.com orthophosphoric acid was added untill the required pH was achieved. Solutions of ions for interference studies were prepared by dissolving the amount of each compound needed to give the desired concentration.
Procedure
A Mn 7+ working stock solution was prepared by transfering 5 ml of the standardized Mn 7+ solution into a 50 ml brown measuring flask and completed to the mark with bidistilled water. A 1-ml volume of the [Os(bpy)3] 2+ (160 μg/ml) stock solution was added to 10 ml different measuring flasks, and different volumes of the Mn 7+ stock solution (0.815 μg ml -1 ) were transferred to these flasks to obtain different Mn 7+ concentrations in each flask, as desired; then, a 5 ml of a pH 3 phosphate buffer was added and diluted to the mark with bidistilled water. For determining the manganese in water samples, the oxidation of Mn 2+ to Mn 7+ was achieved by the addition of 0.2 g of potassium periodate in the presence of 3 ml of conc. H2SO4 and 2 ml of H3PO4 to a 250 ml sample solution. The mixture was then boiled for 10 min, cooled down, filtered, transferred to a 50 ml volumetric flask and diluted to the mark with bidistilled water. 33 Appropriate dilutions were made whenever necessary.
Results and Discussion
Spectral characteristics of [Os(bpy)3] 2+ and Mn 7+
The absorption spectra in an aqueous solution of [Os(bpy)3] 2+ and MnO4 -are shown in Fig. 1 . It has been established that the visible region absorption spectrum of the [Os(bpy)3] 2+ complex ion is dominated by an intense spin-allowed d(t2g) → π* metalto-ligand charge-transfer (MLCT) transition. The low-energy bands in the range of 550 -720 nm are assigned to the principally spin-forbidden singlet-triplet metal-to-ligand chargetransfer absorption 34 due to the high degree of spin-orbit coupling in osmium (3381 cm -1 ). 35 The absorption spectrum of the [Os(bpy)3] 2+ complex ion also shows two strong bands with several shoulders in the UV region at λmax of 243 nm and 290 nm that are assigned as the π → π* transitions of the bpy ligands. Some of these shoulders are due to forbidden metal centered transitions. MnO4 -shows the expected longwavelength charge-transfer bands in the 440 -640 nm range.
Effect of pH
The effect of the pH on the redox reaction between 2+ under these conditions. 36 At pH values < 5, it has been observed that the highest absorbance changes are obtained at wavelengths in the following order: 290 > 315 > 246 > 480 ≥ 436 nm. Therefore, as analytical wavelengths, we selected 290, 315 and 480 nm to track changes in the ultraviolet and visible regions. Figure 2 shows the absorption spectra of [Os(bpy)3] 2+ in the absence and presence of different concentrations of Mn 7+ versus water at pH 3. It has been observed that the metal-to-ligand charge-transfer bands in the visible region as well as the band at 290 nm decrease with a concomitant increase of the band intensity at 240 and 315 nm with the appearance of three isosbestic points at 273, 300 and 348 nm. The spectral characteristics of the mixture when measured relative to variable concentrations of Mn 7+ were not different from that shown in Fig. 2 .
Effect of Mn 7+ on the spectrum of [Os(bpy)3] 2+
Determination of the reaction stoichiometry.
In order to identify the stoichiometry of the reaction between the [Os(bpy)3] 2+ complex ion and Mn 7+ , the molar ratio method was employed. Figure 3 ) against water at pH 3. The arrows indicate the direction of increasing Mn 7+ concentrations.
Effect of the [Os(bpy)3] 2+ concentrations
The effect of the [Os(bpy)3] 2+ concentrations that gives the best absorbance changes was examined over the range of 2 -40 μg ml -1 . It has been found that for a concentration of 330 ng ml -1 Mn 7+ used, 16.0 μg ml -1 of [Os(bpy)3] 2+ gave the highest absorbance changes.
Calibration graph and reproducibility
Under the optimum conditions mentioned above, linear calibration graphs for the determination of Mn 7+ were obtained up to a concentration of 330 ng ml -1 at the studied wavelengths. The linear-regression equation was A = 0.001 + 0.0021CMn at 315 nm, A = 0.001 -0.0042CMn at 290 nm and A = 0.001 -9.34 × 10 -4 CMn at 480 nm; here CMn denotes the concentration of Mn 7+ in ng ml -1 . The correlation coefficient was 0.995 ± 0.002 in all cases. Accordingly, the detection limit (calculated as three-times the standard deviation of the blank) is 0.72 ng ml -1 at 290 nm, 1.37 ng ml -1 at 315 nm and 3.32 ng ml -1 at 480 nm.
The relative standard deviation for eleven determinations, each having a manganese concentration of 90 ng ml -1 , was found to be 0.5%. The sensitivity, which is the concentration of the analyte in μg ml -1 that brings about a change of 0.001 in the absorption, was found to be 1.05 × 10 -3 , 4.52 × 10 -4 and 2.42 × 10 -4 μg cm -2 following the absorption changes at 480, 315 and 290 nm, respectively.
Mechanism of the ground-state electron transfer reaction
The strong charge-transfer interactions between the t2g orbitals and the ligand π orbitals in the [Os(bpy)3] 2+ complex ion is an indication of metal-ligand electron delocalization, which should facilitate electron transfer via ligand conduction, and may account for the very high electron-transfer rate. 31 
Effect of foreign ions
The effect of several diverse ions on the determination of manganese in its VII form was studied. The effect of possible interferents was studied at a Mn 7+ concentration of 20 ng ml -1 (causing a change of ±0.02 in the absorbance of [Os(bpy)3] 2+ ). It has been found that the tolerance limits are 24 μg ml -1 for Fe(III), 157 μg ml -1 for Ce(IV) and 68 μg ml -1 for Cr(VI). Other investigated ions did not show any interference at a concentration ratio of up to 10000. These results show that the proposed method is highly selective.
Applications
The proposed method was used for the determination of manganese in water of different resources. The accuracy of the method was checked by graphite-furnace atomic absorption spectrometry. 20 The results show a good agreement between the data obtained by the two methods (Table 1) .
Conclusion
The proposed method is very simple, highly selective, sensitive and reproducible for the determination of manganese. The method also exploits low-cost instrumentation and overcomes the problems associated with previously reported spectrophotometric methods for the determination of manganese. The method tolerates most foreign ions more than any other method. The idea of using redox couples for spectrophotometric methods of analysis using coordination compounds with characteristic charge-transfer bands is discussed here and shows good results. The excited-state interactions for the current couple and its analytical application are currently under investigation. a. Relative standard deviation (n = 3).
